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Abstract

A concept of a merged thyristor-like structure which consists of two parts with different base gains is introduced. The
high gain (HG) part serves as a source of an opening current for the low gain (LG) part and promotes it to the con-
ducting open state so that the LG part becomes an additional channel for the total current flowing through the
structure. During the turn-off process, the LG part serves as a source of the additional blocking current for the HG
part, improving the turn-off characteristics of the merged structure. An analytical approach is developed to describe
these inhomogeneous structures and their gate turn-off processes. The stationary distributions of the current density in
the merged structures are calculated. The storage times and turn-off gains for homogeneous and merged structures are
estimated. It is shown that the merged structures exhibit better turn-off characteristics in comparison with homogeneous
structures. The direct two-dimensional simulations demonstrate faster turn-off in the merged structure and determine
the regimes of operation where the effect can be reliably observed. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Low-power pnpn thyristor-like structures (TLSs)
are used as light-emitting and lasing devices in opto-
electronics. However, the problem of fast and efficient
turn-off for such TLSs is still a challenge. Along with
two-terminal light-emitting TLSs having a lot of appli-
cations as optoelectronic switches [1-3], several three-
terminal thyristors are manufactured and described. The
third terminal, the gate, is used in these TLSs for effi-
cient turn-on and turn-off [4-12]. The signal applied to
the gate terminals results in a transition between the
high-conducting ON state and the low-conducting OFF
state of the TLS. This transition may occur simulta-
neously in the entire structure. Meanwhile, if the width,
i.e. the distance between the gate terminals is sufficiently
large, an inhomogeneous intermediate state of incom-
plete gate turn-off (IGTO) can be established. This state
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is characterized by a squeezed current conducting
channel in the center of the device (ON region) and a
depleted OFF region near the gate terminals. The IGTO
state is investigated both analytically [13-17] and nu-
merically [18-22]. A stationary analytical solution is
obtained in Refs. [23,24] for a low-power TLS with thin
bases. This approach is further developed in Refs. [25,26]
for the quasi-stationary propagation of a switching
wave. It is shown that for a fairly small value of the gate
current and low injection level in the bases, the velocity
of the switching wave and, therefore, the turn-off time, is
determined by the gate current and the current density
in the ON region of the structure. The turn-off time is
known [13] to consist of the storage time and the fall
time. The former is a time interval it takes for the
switching wave to propagate from the gate electrode to
the device center and to set the reverse bias for the
middle pn junction across its entire width. During the
storage time, the total current through the structure re-
mains approximately unchanged. The fall time is the
time interval during which the depletion region of the
middle pn junction expands in the floating base and
the remaining carriers are removed from there by
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recombination. During the fall time, the total current
decreases and the voltage across the structure rises
rapidly. As a rule, the storage time is much greater than
the fall time [13].

To decrease or even eliminate the storage time, one
can choose narrow structures. Despite the fact that a
narrow TLS has almost homogeneous turn-off which is
faster than that with the switching wave being propa-
gated in a wide TLS, the former can be turned off only
by a very large gate current of the order of the total
current through the structure. As a result, the turn-off
gain, defined as the ratio of the total current to the gate
current, would be small for narrow TLSs.

To increase the turn-off gain and decrease the turn-off
time simultaneously, we introduce a merged TLS (Fig.
1(a)). The boundary conditions allow us to deal with
only a half of the symmetrical device with two gate
terminals. For simplicity, we consider only the left-hand
side of the TLS with one gate electrode. The high gain
(HG) part of the structure is in its ON state even at low
anode current densities as its both base gains, oy, are
sufficiently high, such that

o + oqp > 1. (1)

The other low gain (LG) part has smaller base gains so
that condition (1) is not met. For a structure with in-
jection efficiency of emitters close to unity and homo-
geneously doped bases, oy = (cosh(ﬂl‘nwl_n))fl, where

P’-emitter
J: > (anode)
= 11] L2 base | (n) 'Y
L .3 basell(p) (a)
A N'-emitter
3 JH ix ‘]L (cathode)
i

y

|
|
|
|
|
|
|
-
|
|
|
I

Fig. 1. (a) Merged HG/LG structure with gate current applied.
(b) A sketch of the current density distribution in the merged
HG/LG structure at zero (—) and nonzero blocking (- - -) gate
currents.

Pin = (DLHTLH)’I/ * are the inverse diffusion lengths in
both bases, Dy and 1y are diffusion coefficients and
lifetimes of minority carriers in bases, respectively, and
win are the base lengths. In our consideration, the dif-
ference between the base gains in the LG and HG parts
is caused only by smaller lifetimes in the LG part.

If isolated, the LG part would remain in the OFF
state until the current density reaches a value that pro-
vides the necessary high injection level in the bases. The
LG structure can be in its ON state at the low injection
level, if the opening gate current is supplied. Merged to
the LG part, the HG part serves as a source of the
opening gate current. On the other hand, the same
current can be considered as a “‘blocking gate current” for
the HG part. Therefore, if this current is large enough to
turn the LG part on, and is not large enough to turn the
HG part off, the entire structure appears to be in its ON
state. At the same time, if the sum of the base gains of LG
part is only slightly less than unity, the current density in
the merged HG part is only slightly higher than that in
the LG part even for a structure where the LG part is
substantially longer than the HG part.

Such a merged structure compared to a homoge-
neous HG structure of the same size would be turned off
faster and with a smaller gate current. The reason is that
actually we have to turn off only the HG part that is
short and carries just a small portion of the total current.
Once the HG part is turned off, the “opening’ current to
the LG part is no longer supplied, and it would be ho-
mogeneously turned off by itself for a time of the order
of the recombination time in the LG part.

In this paper, the advantages of various merged
structures are shown both analytically and numerically.

Here, we discuss the assumptions which are necessary
for the analytical approach. The presented model is
valid for controlled light-emitting and lasing thyristors
with sufficiently small base lengths w; and wy;. Then, we
can assume that the voltage drops across the quasi-
neutral regions of the bases are much smaller than those
across the pn junctions, and introduce the electrical
potentials of both bases. It is also assumed that the
electrical potential varies much smoother along the
structure (y direction, Fig. 1(a)) than across it (x direc-
tion). Therefore, the distribution of minority carriers in
the bases can be considered as quasi-one-dimensional.
We can represent it as a function of the x coordinate and
electric potentials of both bases which are functions of
the y coordinate. We also assume that the outer layers
(anode and cathode) inject their majority carriers into
the bases with the efficiency equal to unity.

We consider a structure with the longitudinal (in-
plane) conductivity of the gated base, g, being much
greater than the conductivity of the floating base. This is
fairly true for asymmetric structures where the gated
base is doped much heavier than the ungated one. Low
injection level and linear recombination rates are as-
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sumed in both bases. Detailed equations and solutions
are to be found in Appendix A.

2. ON state of merged structures

Now we are interested in a merged structure whose
current-voltage characteristics are close to that of a
totally HG structure of the same size. This means that
the HG part promotes the LG part to its ON state with
the current density only slightly lower than that in the
HG part. The mutual influence of the HG and LG parts
depends on their parameters and widths. The closer the
LG gains to the critical values (i.e. the closer oy, + oy, to
1), the easier the LG part can be switched to the ON
state. At the same time, the greater the width of the LG
part, the weaker the influence of the HG part.

Fig. 2(a) illustrates these facts. The curves, calculated
from Egs. (A.5) and (A.6) of Appendix A, show that the
total current through the structure versus the width of
the LG part, /i, while the width of the HG part, Iy, is
fixed. /i is normalized on /y, and the current is nor-
malized on the current through an isolated HG structure
of the fixed width /y at the same bias voltage. The da-
shed line serves as a guide line and represents an isolated
HG structure. All the curves go farther from the dashed
line as /;, grows. Curves 1-3 correspond to structures
with different base gains. We have chosen oy, = oy, =
0.7 for all the three TLSs. Structures 1 and 3 have the
same HG parts with oq,, = 0.7, but differ by the base
gain of floating base in the LG part. For structure 1,
oy, = 0.1, which makes the sum of the base gains oy +
oq, = 0.8; oy, = 0.2 for structure 3, so the sum of the
LG part base gains is equal to 0.9, which is closer to
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Fig. 2. (a) Current through the merged HG/LG structure at a
fixed bias voltage versus the width of the LG part while the
width of the HG part, /y, is constant. J; is the current through
the HG structure of the size of /y. Curves 1-3 correspond to
structures with different base factors, the dashed line corre-
sponds to a totally HG structure. (b) The current density dis-
tributions for merged structures with /i = 10/y; and base
factors corresponding to structures 1-3 in part (a); jo is the
current density in an isolated HG structure at the same bias
voltage.

unity, therefore curve 3 lies higher than curve 1. Com-
pared to structure 1, structure 2 has the same LG part
base gains, and a higher HG part base gain oy, = 0.8.
The higher the gain of the HG part, the stronger is its
influence on the LG part, therefore curve 2 lies higher
than curve 1.

Fig. 2(b) depicts the current density distribution for
structures 1-3 with / = 10/y. The current density is
normalized on the current density in an isolated HG
structure at the same bias voltage. It is seen that the
current distribution is less corrupted in the structures
with higher base gains in the LG part.

3. Storage time for merged structures

Now we discuss how fast the merged structures can
be turned off. We have shown in Refs. [25,26] that the
velocity of the switching wave is given by

2 2
,Jg _Jgo

v =
2Jg0‘fj ’

(2)
where j is the current density in the ON region of the
structure, J,, the gate current and Jy = /jI;. I; and t
depend on the base widths and material parameters of
the structure. The expression for /; is given in Appendix
A. The analytical formula and calculations of 7 can be
found in Refs. [25,26] in the form t = fit; + firt, where
fin are functions of the base gains. Authors have ob-
tained this result in Refs. [25,26] assuming that the ON
region is half-infinite and j is constant during wave
propagation. In the real situation, the size of the ON
region, 2a(t), is finite, and the wave propagation does
not change the value of the current flowing through the
structure, 2.J, but squeezes or stretches the ON region.
This means that j depends on time such that

J ~ a(t)j(t) = const. (3)

If the velocity v is sufficiently small so that the process of
wave propagation is quasi-stationary, we can use for-
mula (2) with j(), Je(t) = (I /a(t))'?, and v(t) =
—da/dz.
Then, Eq. (2) can be rewritten as
dg_Jé *Ilj/a 32

e P T 4
v dr 21]3/2111/2" ) 4)

and its solution for J, = const is

1 e/’ e/T — 1
— + ,
vat) = ag  /a0) - jag 2./

where a, = ,(J/J;) is the “equilibrium” size of the
squeezed ON region for given total and gate currents,
and T = 21J /J,.

Now, we can obtain the turn-off characteristic
time. The switching wave approach in a homogeneous

(5)
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structure is valid if the size of the ON region, a(?), is
greater than the size of a transition layer between the
ON and the OFF regions that is estimated in Ref. [23] as

I 12
dz(—z) , where

J
kTo ar(l — o)
]2 -

e (ap+og—1)(1—oy+ OCIOCH).

After this point, the current density distribution
changes strongly and can no longer be described as a
switching wave between the two regions. We define here
the storage time as an interval between the moment the
gate current starts flowing and the moment the half-size
of the ON region becomes equal to d. Actually, d de-
pends on the current density in the ON region, so under
the condition of a constant total current through the
structure, the critical size of the ON region, which de-
fines the turn-off time in the homogeneous structure, can
be calculated as d = 1, /J.

First, we consider a homogeneous structure of size
2ay. As in Ref. [23], we can calculate the minimum value
of the gate current that is capable of turning off the
structure completely:

Jee = I Jd(J) =vJ, where v=/I,/L,.

Here, J,. does not depend on ay. The storage time of a
homogeneous structure, #,, is calculated from Eq. (5) for
a(ty) =d as

J
th=2t—1
h TJgIl

(Je + V) (Vao/dJy — vJ) ©)
(Je — W) (Vao/dJg +vJ) )

The dependence of #, on a, is weak because ay > d
within the frameworks of our approximations. For large
gate currents J, > Jy, Eq. (6) gives us

J\2
th~4 — .
" TV(JE)

The storage time is almost independent of the size of the
structure and is determined only by the total currents J
and J,.

Now, we consider the gate turn-off in a merged
structure and show its superiority over the totally HG
structure in terms of both turn-off time and gain. The
first method to improve the turn-off in a HG structure of
size ay is to merge an LG part to it. The current density
distribution for a chosen size and parameters of the LG
part can be calculated from Eqgs. (A.5) and (A.6) or
taken from Fig. 2. The total current can be represented
as J = j(a(t) + ar), where ar is an effective size of the
LG part so that the current portion carried by the LG
part, J. = jar. It is shown in Appendix A (Eq. (A.9))
that in the properly designed merged structures, a; can
be assumed constant until a(¢) reaches the size of the

transition layer, dy;,. This structure is properly designed
if the current density in the LG part is almost evenly
distributed and the LG part carries a significant portion
of the total current. Only such structures would show
great improvement of the turn-off in comparison with
the conventional TLSs. Then, the solution of Eq. (2) is

et/T et/T —1

1
\/a(t)—O—aL—\/a_givaoJraL*\/a—g_‘_ 2a; ’

and the storage time ¢, of the merged structure is cal-
culated for a(ty) = dyn = p1d, where p; =1+

(VT +4arjd —1))2:

o= 20 1o (et ey (a Fa)/d —v) ) )
) (e — ) e/(ar + a)jd +vJ) )’

g
where v = v(py + ar /d(J)) .
As a; — oo, formula (8) corresponds to Eq. (6). If
ay > d(J), it is convenient to rewrite Eq.(8) in the form

t zzfiln(\/a_L+\/a_g) (m*\/a—g)
mTT T (Var - ) (Vao T+ )

Here, the complete gate turn-off is possible if a, < ar,
thus the minimum value of the gate current is equal to
v/1iJ/ay instead of \/I,J/d for a homogeneous struc-
ture. An improvement in the turn-off gain may be esti-
mated roughly by the factor \/ar/d. More accurate
calculations will be reported in Section 4. For a; > ai,
the storage time is

(7)

©)

ean( L) ViWaFa — var)
o 4 V(Jg) aolag +ar) (10

We obtain an essential decrease in storage time for
ag,ay > d (Fig. 3). The ratio of the storage time in the
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Fig. 3. The ratio of the storage time in the homogeneous
structure, #,, to that in the merged structure, #,, designed by
adding an LG part to the HG structure of size ay, versus the
gate current (a), and the size of the HG part (b).
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homogeneous structure to that in the merged structure,
th/tm, drops steeply as the gate current increases. The
value of #,/t, is almost proportional to ar/a, (Fig. 3(a)),
and is greater for longer devices (Fig. 3(b)). At the same
total current J, the current density ;j in the initial ho-
mogeneous structure is higher than that in the merged
structure, the ratio being equal to (ap + ar)/ao at the
beginning of the turn-off process and to ar /d at the end
of the storage time. As the switching wave velocity de-
pends on the deviation of the gate current from its
equilibrium value, Jy = /T1j, which is higher in the
homogeneous structure, the same gate current makes the
switching wave to propagate faster in a merged struc-
ture.

The second way to construct a merged device is to
replace a part of the initial structure with an LG part
while keeping the total length of the structure constant.
Let the length of the remaining HG part be a,/k, where
k > 1. We have to introduce parameter » which shows
the difference between the current—voltage characteris-
tics of the initial and the merged structures: at the same
bias voltage with zero gate current, the total currents
through the initial and the merged structure differ,
Jm = rJu. The value of r can be calculated from Egs.
(A.5)—(A.8). In Fig. 2(a) curves for structures with
greater r would be positioned higher. If r is close to
unity, the current density in the HG part is slightly
greater than that in the initial structure, so the switching
wave moves a little bit slower, however it should prop-
agate through the HG part only rather than through
the entire device. Now, the storage time ends when the
ON region of the HG part, a(f), reaches the size
of dyin = pd, where py =1+ ((1+ (4(r—1/k))(ao/
d))'* —1)/2. The total current can be represented as
J = j(a(t) + ao(r — 1/k)), where r remains constant for
a(t) > dmin. Then, the storage time is given by

t 2Tiln<(Jg+v2J)(Jg\/(ra0)/d—vJ)>. an
T Ve ) U/ (rag) [ +v) )

where v, = v(ps + (r — 1/k)ao/d(J))""/>. The minimum
gate current which results in a(¢) = p»d is now equal to
vpJ compared to vJ in the homogeneous structures. For
Jg > v,J, the storage time is

J\ |d 1 v
tmNm(E) \/a:o<\/pz+(r—1/k)_ﬁ)' (12

Fig. 4 illustrates Eq. (11). The ratio #,/#, decreases
rapidly as the gate current grows (Fig. 4(a)), it is almost
proportional to parameter r (Fig. 4(b)). The storage time
tn decreases considerably, if the HG part is shortened up
to several critical sizes (Fig. 4(c)). Formula (5) is no
longer valid if a(¢) < p»d, so we can plot ¢, /t, for limited
values of k only. A further shortening of the HG part

HG
40 i a, 4
_F HG LG
=V ake g =k,
30} .

4 6
I, (W)

Fig. 4. The ratio of the storage time in the homogeneous
structure, #,, to that in the merged structure, #,, designed by
replacing a part of the initial structure with an LG part, versus
the gate current (a), the parameter r of the LG part (b), and the
width of the remaining HG part (c).

leads to a smaller total current at the same bias voltage,
and may result in a transition of the structure to its OFF
state even without a gate current.

4. Turn-off gain for merged structures

The following qualitative consideration shows why
the merged structure has a high turn-off gain. Let the
gate current Jé“i“ completely turn off an isolated HG
structure of fixed length, /y, and j is the current density
in the structure at zero gate current: j/y = Jy. Then, we
consider a merged structure consisting of the same HG
structure and an LG part, and adjust the basis so that
the current density in the HG part near the gate terminal
at zero gate current equals j. Then, the gate current even
less than Jg"‘i" is enough to turn the merged structure off,
because the LG part serves as an additional source of the
blocking current from the other side of the HG part.
Meanwhile, the current carried by the merged structure
is substantially higher (Fig. 2(a)), because the LG part
being promoted to the ON state may carry a big portion
of the total current: J =Jy + Ji. For thyristors with
narrow bases, the turn-off gain is small, even close to 1,
which is unacceptable in switching circuits. Therefore, a
merged HG/LG structure that allows us to control a
greater total current by a smaller gate current is a way to
resolve this problem.

The turn-off gains for merged structures were esti-
mated in Section 3. To make accurate calculations of the
turn-off gain, it is necessary to define the minimum value
of the gate current, Jé“i“, that completely turns off the
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Fig. 5. The width of the LG part of the merged structure (a)
and the current through the merged structure (b) as a function

of the normalized turn-off gain. J, is the total current through
an isolated HG structure of the size /y.

structure. Actually, this value depends on the resistance
R, connected in series with the thyristor. To define Jéni“
which would be independent of R,, we can set a formal
condition: the middle pn junction should become reverse
biased completely at a constant total current (formally,
R, = 00). We can use the analytical approach described
in Appendix A (Egs. (A.5) and (A.6)) to calculate the
turn-off gain versus the length of the LG part. Curves
1-3 in Fig. 5 correspond to structures with the same
parameters as those in Fig. 2. The gain is normalized on
the turn-off gain of a fairly long isolated HG structure,
whose current gain is independent of the length of the
structure. Fig. 5 depicts the size of the LG part (a) and
the total current through the structure (b) as a function
of a turn-off gain. The size of the LG part, /1, is nor-
malized on the size of the HG part, /i, which is fixed.
The total current is normalized on the total current
through an isolated HG structure of size Iy. Fig. 5(a)
shows that merged structures with smaller base gains has
a higher turn-off gain, although from Fig. 5(b) we can
conclude that the current-voltage characteristics for
such structures are more corrupted.

5. Simulation

Based on the analytical consideration, we have
shown that if properly designed, a merged HG/LG
structure has better turn-off gain and turn-off time. To
confirm these results, we have performed direct two-

dimensional numerical simulations of a model GaAs
thyristor. This simulation is just an illustration of the
new concept and the structure should not be considered
a prototype of a real device that would have require a
different design and additional optimization.

The simulation based on the isothermal drift diffusion
model has been performed with the device simulator
‘ATLAS’ by Silvaco International [27]. The simulator
solves self-consistently the Poisson equation and the
continuity equations for electron and hole currents. The
recombination terms in the continuity equations include
optical (By = 3 x 107!° cm?/s) and Shockley—Read-Hall
(SRH) recombination. The values of SRH recombina-
tion lifetimes are 7, = 7, = 10~ s everywhere except the
floating p-doped base of the LG part, where 7, =7, =
2 x 1071 s. Auger recombination is negligible at the
given regimes of the device operation and was not taken
into account. Constant low field mobilities and tem-
perature 300 K are assumed.

The current-voltage characteristics of the thyristor
structures at zero gate current are shown in Fig. 6(a).
Curves 1 and 3 represent a totally HG and a totally LG
structures, and curve 2 corresponds to the merged HG/
LG structure. All the three structures are of the same
length 110 pm, for the merged structure /3 = 10 um and
/r = 100 um. Structures differ only by their SRH re-
combination lifetimes in the floating base. This differ-
ence can be achieved by different dopants. Generally, the
base gains can be reduced by higher doping concentra-
tions which result in a stronger radiative recombination.
The effect of turn-off improvement can be observed
numerically over a wide range of the total current be-
tween the holding currents of the LG and the merged
structures.

Fig. 6(b) demonstrates the turn-off gain advantage of
the merged structure. The graph shows the results of
stationary simulations: an increase in the voltage across
the structure, AV,, versus gate current. Curves 1-3 cor-
respond to the 110 um long HG structure, merged HG/

T T T T T
[ 1-long HG
| 2-HGLG
| 3-short HG

FJ=0.8 Alc

Cathode current (A/cm)

n M 1 L 1 .
00 02 04 06 08
Gate current (A/cm)

Fig. 6. (a) Calculated /-V characteristics of the merged (—),
totally HG (- - -), and totally LG (- - -) structures of the length of
110 um. The inset shows the same characteristics in a linear
scale. (b) Increase in the anode voltage versus the gate current
at constant total current J, = 0.8 A/cm.
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Fig. 7. The increase in the anode voltage AV, as a function of
time at J; = 0.55 A/ecm and J. = 0.8 A/cm for structures 1 —
long HG, 2 — merged HG/LG, and 3 — short HG.

LG structure described before, and short HG structure
of 10 pum, respectively. Hereafter, we compare those
three structures and refer to them as structures 1, 2, and
3. It is seen from Fig. 6(b) that the same increase in ¥,
requires a substantially smaller gate current in the
merged structure than that in the entirely HG structure
of any length.

Fig. 7 shows the results of transient simulations.
ATLAS allows us to control either current through or
electrical potential of each electrode, in the latter case,
the control of resistance, capacitance and inductance
being also an option. To avoid the result dependence on
a specific value of R,, we simulate the turn-off process
with cathode current being held constant (R, = o0),
I. = 0.8 A/cm, and compute a voltage increment across
the structure, AV,. Let us assume, as in Section 4, that
the structure is completely turned off if the middle pn
junction is reverse biased in every point along the device.
The DC simulation has shown that all the three struc-
tures 1-3 are completely turned off according to this
definition if AV, > 1.1 V, so we can define the turn-off
time as an interval between the moment the gate current
starts flowing and the moment the voltage across the
structure increases by 1.1 V. The turn-off here is initiated
by a ramp of the blocking gate current with the ramp-
time equal to 107!° s. Fig. 7 depicts the transient process
initiated in all the three structures by the same gate
current. The merged structure turns off approximately
10 times faster than the long HG and five times faster
than the short HG structures.

Another illustration of the idea can be found in Ref.
[28], where the thyristor with attached LG part is con-
nected into the real circuit. Decrease in the turn-off time
is achieved because of not only a shorter storage time,

but also a shorter fall time, which is partially defined by
the recombination time in the LG part.

Therefore, the calculations illustrate better turn-off
characteristics of the merged structures in comparison
with conventional homogeneous devices even in the
cases far beyond the assumptions made for analytical
consideration.

6. Conclusion

We have proposed a new concept of merged TLSs
that exhibit better turn-off characteristics in comparison
with homogeneous devices and developed an analytical
approach that allows us to describe the merged structure
under low-injection-level conditions.

The first way to design a merged structure is to “at-
tach” an LG part to the initial HG structure. This
structure carries the same total current, and therefore
has a smaller current density, which leads to a faster
propagation of the switching wave even at smaller gate
currents. As the switching wave propagates through the
HG part only, the turn-off time of the total structure is
considerably smaller, the effect being stronger for longer
structures.

If the size of the device is not to be increased, the
merged structure may be designed by replacing a part of
the initial structure with an LG part. Here the turn-off
characteristics are improved due to a shorter distance
the switching wave should propagate.

To confirm the results of our analytical approach, we
have performed direct two-dimensional numerical sim-
ulations. The simulations have shown that the advan-
tages of the merged structures are observed numerically
if the total current is greater than the holding current of
the merged structure and smaller than that of the com-
pletely LG structure of the same length.

The presented analytical solutions together with nu-
merical simulations can be used for optimization the
composite structures for desired regimes of operation
and turn-off characteristics.
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Appendix A

Based on the assumptions discussed in Section 1, we
develop the analytical approach for a merged HG/LG
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structure. We consider low injection level and linear
recombination rates R, and R, in both bases so that

RP:p/Tlv R, :n/rlh (Al)

where p and n are the concentrations of excess minority
carriers. For a conventional thyristor where the doping
concentrations Ny in the bases are constant, and

DupBy Dipy
N“ tanh(ﬁnw”) N[ tanh([i'lw[f

we can obtain the equation for the electrical potential of
the gated base (see Ref. [25] for details):

0,0 _ J
6y ay (1 — 0(11)(1 + e‘/’*‘l’l)

— e (o oy — 1) inewl(l — ).
I

e‘l"(l — o1 —+ OC[OCH)

(A2)

Here, ¥, Y, are dimensionless (divided by k7' /e) voltage
drops across the structure and across the first pn junc-
tion, respectively, and

. emuDinfiy
s tanh(fy ywin)’

where n;; are the equilibrium concentrations of mi-
nority carriers in the bases.

Deriving Eq. (A.2), we assumed that the first and the
third pn junctions are forward biased and the voltage
drops across them are much greater then k7 /e. The last
term in the square brackets appears due to taking into
account the saturation current of the middle pn junction
and was neglected in Ref. [25].

Eq. (A.2) can be used for both HG and LG struc-
tures. The HG structure is in the ON state (all the three
pn junctions are forward biased) and can be turned off
only by a blocking gate current. The LG structure is in
the OFF state. As we have already mentioned, it can be
turned on either by an opening gate signal or by a high
anode current that ensures high injection level (the latter
is not described by Eq.(2)).

For the HG structure being in the ON state without a
gate current, the solution of Eq. (A.2) is:

eW[(V) — e‘ﬁl — e‘/’/Al_17 (A3)
where
AH _ 1— Oy + Oy X1y

CXIH + O(HH —1

and oy, are the base gains defined in Section 1. Now,
we introduce a new variable 7(y) = ¥, (y) — Y, in order
to indicate deviation of the electrical potential from its
value in an isolated HG structure. In Refs. [23,24], the

same approach was used to describe the infinite HG
structure with the gate current in the IGTO state. The
gate current which ensures the stationary IGTO solution
there is equal to Jy = \/T;j, where j is the current density
in the ON region and

24T

oy + oy, — 1
11 — O_H H H
e

1— A1y

Au[(1+ 4n) In(1 + 45" — 1].

We use the variable y(y) in order to compare the
solution for LG and merged structures with that for an
isolated HG structure. Therefore, the solution even for
an isolated LG structure without gate current, expressed
in terms of y(y), depends on the parameters of the HG
structure:

et(—) _ ZA;TH (m - 1), (A.4)

L

where

1 — (o)’
(1 — oy, — o, Je¥ji/jn

1-— OC[L —+ OCIL OCHL
A = TOLAL

5=

1 — O(]L — O(HL

It can be shown that current density through the struc-
ture is proportional to e”: j(y) = jie?1e”?). As the voltage
drop across the structure is much greater than k7T/e,
then ¥ > 1, which makes ¢ < 1. Then the current
density in the LG structure is negligible in comparison
with that in the HG structure.

Now, we consider a merged structure which consists
of LG and HG parts. We integrate Eq. (A.2) for both
LG and HG parts, taking into account the condition
dy/dy =0 on both sides of the structure. For the HG
part we obtain:

d; ;
d_;f: RH(em>ex)
2e jIH 1 X1y + iy — 1
= | S ey M T T D3 4y
|:kT O'He I—OCHH ( + H)
1+ eZH/AH ” , 1/2
Xln'm — € +e . (AS)

Here, the boundary condition dy/dy|,_ , =0 corre-
sponds to the zero gate current, and yy = x(—/n) (see
Fig. 1). For the LG part, we obtain

dr _
dy

2e j]L " 1 - O(]L — O(HL yAH
= | DT T S P g s
|:kT6Le 1 — oy, eALJF( L+9)

L 712
—0ln (ezﬂ)} ] .
Av n

RL (eXL ’ eZ)

ﬁAH
In(l+e*—
X n €

L

(A.6)
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Here, the condition dy/dy|,_; =0 corresponds to the
center of the device, and y; = y(/1). At the boundary
between LG and HG parts, the continuity of the elec-
trical potential which is proportional to y and the total
current in the gated base along y axis which is propor-
tional to ady/dy should be satisfied:

GHRH(CZH s CZB) = O'LRL (CXL, CZB), (A7)

where yp is the value of y at the boundary point:
7 = 1(0).

The distribution of the electrical potential and cur-
rent density along the structure are the solutions of Eqs.
((A.5) and (A.6)). The widths of the HG and LG parts,
Iy 1 that provide for chosen current densities at the HG
and LG sides can be calculated as

IH d
ZH = / %7
1w Ru(em,er)

B d”
Iy = / +7
. Ru(en,er)

where yp is to be calculated from Eq. (A.7).

Solid line in Fig. 1(b) is a sketch of the current den-
sity distribution in a finite merged HG/LG structure
without a gate current. If the gate current is supplied,
we should integrate Eq. (A.2) with the boundary con-
dition:

(A8)

o %*—iJ
Uy = ke

on the gated side of the HG part of the structure. The
corresponding distribution of the current density is
sketched with the dashed line in Fig. 1(b). There is an
ON region in the HG part where the current flows al-
most homogeneously, so we can introduce the size of
this region, a(¢). The size d of the transition layer be-
tween the ON region and the OFF region near the gate
electrode with almost zero current density is estimated in
Ref. [23], d being determined by the parameters of the
structure and the current density in the ON region. The
size of the other transition layer between the HG and
LG parts is of the order of d. Therefore, if a(¢) > d, the
current density in the ON region is almost evenly dis-
tributed, and the current carried by the HG part can be
estimated as Jy = ja().

The current distribution in the LG part which is de-
termined by Egs. (A.5) and (A.6) does depend on the
current density in the ON region. In Section 4, we in-
troduced the effective size of the LG part: arj=J,
where Ji is the current carried by the LG part, which is
proportional to fOIL e”0)dy. Let us estimate the change in

the effective size of the LG part, ay, if the current density
is increased by a small value Aj < j. Then, using Eqgs.
(A.5)—(A.8), we can calculate the decrease of ay :

Aay - Af j(ZL)ZL
. 5 (1 T , (A.9)

where j(/,) is the lowest current density in the LG part.
Thus, generally, a; decreases as j increases in the turn-off
process. In Section 4, we consider only the structures
where LG is promoted into the well-pronounced ON
state with evenly distributed current density, so that
Jo = Ij(IL) < JL. Moreover, to exhibit much better
turn-off characteristics, the current carried by the HG
part, Jy should be noticeably smaller than Jp. This
means that maximum change in the current density
during the turn-off process is also small: Aj/j = Ju/JL.
As Aay/ay is a product of two small factors, we can
neglect the change in the effective size of the LG part
when calculating the storage time in the properly con-
structed merged structures.
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